Introduction
More than 300 viruses, mostly arthropod-transmitted, are classified into the family Bunyaviridae, making it one of the largest groupings of animal viruses (Karabatsos, 1985) . Until relatively recently these viruses were somewhat the 'Cinderellas' of animal virology, but with the increased recognition of their role in human diseases together with the results generated by the application of molecular techniques, the Bunyaviridae have achieved greater respectability. Rift Valley fever, CrimeanCongo haemorrhagic fever and California encephalitis viruses are serious human pathogens that are classified in the family Bunyaviridae. In the tropics febrile illnesses are often diagnosed under the 'great umbrella' (Downs, 1975) of malaria and treated as such; in fact many cases are probably caused by members of the Bunyaviridae, although true diagnosis is rarely achieved (Shope, 1985) . Hantaan and related viruses, the causative agents of haemorrhagic fever with renal syndrome, are now recognized as belonging to the Bunyaviridae (Schmaljohn & Dalrymple, 1983) and cause a severe haemorrhagic disease with significant mortality throughout Asia, especially in China. As will be discussed later the Bunyaviridae have the capacity for sudden dramatic variation comparable to the antigenic shift associated with influenza viruses and thus warrant continual surveillance. At an academic level the Bunyaviridae display novel features in their gene coding arrangements and in their replication to maintain scientific interest. On a lighter note the Bunyaviridae also offer the opportunity to work with viruses having such glorious names as Main Drain, Pongola, Mahogany Hammock, Wongal etc. ; the reader is referred to the International Catalogue of Arboviruses (Karabatsos, 1985) for other gems.
The criteria for inclusion in the family Bunyaviridae are the following: virus particles are spherical, 90-100 nm in diameter and enveloped with glycoprotein surface projections; the virions contain three unique segments of negative-sense single-stranded RNA in the form of 0000-9320 © 1990 SGM circular ribonucleoprotein complexes (nucleocapsids) and a transcriptase enzyme. Viruses have the ability to interact genetically with certain other closely related viruses by genome segment reassortment. The viruses replicate in the cytoplasm of the infected cell and mature by budding into smooth-surface vesicles in or near the Golgi region .
In this review recent data concerning the molecular characteristics of the Bunyaviridae will be discussed to provide an update on previous accounts of this area (e.g. Obijeski & Murphy, 1977; Bishop & Shope, 1979; Bishop, 1979 Bishop, , 1985a . Important aspects of the biology and pathogenesis of the Bunyaviridae are afforded only cursory treatment, but have been covered elsewhere (e.g. Parsonson & McPhee, 1985; Shope, 1985; Canonico & Pifat, 1987; Beaty & Bishop, 1988; Gonzalez-Scarano et al., 1988; Monath, 1988; Tesh, 1988) .
Taxonomy and classification
The classification of viruses now in the family Bunyaviridae was originally based on their serological relationships and these data have been supplemented and largely supported by biochemical analyses. Five genera are currently recognized within the family: Bunyavirus, Hantavirus, Nairovirus, Phlebovirus and Uukuvirus Schmaljohn & Dalrymple, 1983) . In addition, at least 10 serogroups containing 28 viruses, as well as 26 other viruses, are considered to be members of the family, but have yet to be assigned to a particular genus. In general viruses within a genus share complement-fixation antibodies and are segregated into serogroups on the basis of neutralization and haemagglutination-inhibition antibodies; phleboviruses are exceptions in that the complement-fixation test is specific and the haemagglutination-inhibition is cross-reactive (Calisher et al., 1981 ; Shope, 1985; Calisher & Karabatsos, 1988) . Bishop (1985b) has suggested division of the Bunyaviridae into a number of subfamilies (Bunyavirinae, Nairovirinae and Phlebovirinae), but the proposal has not yet (1200-1900) (3200-3400) L >200K L >200K L >200K G1 55K-70K G1 70K-75K G1 78K G2 50K-60K G2 65K-70K G2a 58K G2b 52K § N 20K-30K N 20K-25K N 27K M: 14K, 78K ND S: NS, 29K 31K S: NS, 30K * Phleboviruses comprise a single serogroup (phlebotomus fever) divided into eight antigenic complexes. t Figures in brackets are estimates from analysis of RNA directly, unbracketed figures are from nucleotide sequence data (see Table 2 ). :~ Some nairoviruses may have three structural glycoproteins. § G2b may be a degradation product of G2a.
[I ND, Not detected. been adopted. As more data become available and as new viruses are discovered the classification may change and hence designations described here should be regarded as somewhat fuid.
The classification and distinguishing features of the Bunyaviridae are summarized in Table 1 . More detailed discussion and comprehensive lists of viruses are found elsewhere (Bishop & Shope, 1979; Bishop, 1979 Bishop, , 1985a Bishop, , b, 1986 Karabatsos, 1985; Calisher & Karabatsos, 1988) .
At this point it should be noted that the term 'bunyavirus' is applied only to members of the Bunyavirus genus and is not used when discussing the family Bunyaviridae in general. It is hoped that others will adhere to this principle to avoid confusion in the literature.
As can be seen in Table 1 there are genus-specific patterns in the sizes of the three genomic RNA segments and in the sizes of the four structural proteins that make up the virion. Bunyaviruses and nairoviruses have distinctive RNA profiles, whereas the RNA segments of hantavirus, phlebovirus and uukuvirus are similar in size. The pattern of glycoprotein and nucleocapsid protein sizes is distinct for bunya-, hanta-and nairoviruses, but those of phleboviruses and uukuviruses are very similar.
The Y-terminal nucleotide sequences of the three genomic RNA segments are conserved within each genus (Clerx-van Haaster & Bishop, 1980; Obijeski et al., 1980; Parker & Hewlett, 1981 ; Clerx-van Haaster et al., 1982a, b; Schmaljohn & Dalrymple, 1983) . As shown in Fig. 1 the conserved sequences of bunyaviruses and hantaviruses are similar and those of phleboviruses and uukuviruses are identical. From the above information it appears that the phleboviruses and uukuviruses are the most closely related of the genera, based on their structural similarities, and recently a weak serological relationship has been demonstrated between members of these two genera (C. H. Calisher, personal communication), although there are distinct differences in their biological properties.
The majority of the Bunyaviridae are transmitted by biting arthropods; bunyaviruses by mosquitoes and gnats, nairoviruses and uukuviruses by ticks, and phleboviruses by sandflies (phlebotomines) and gnats (Bishop & Shope, 1979) . Infection apparently has no ill
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(3') u g u G u u u c u ° ° . effects on the vector and a life-long persistent infection usually develops. The viruses can be transmitted between adults venereally and transovarially to their offspring; in fact overwintering in eggs is a method of maintenance of the virus in nature (Bishop & Shope, 1979; Beaty & Bishop, 1988) . There is no evidence of an arthropod vector for hantaviruses; these viruses cause asymptomatic persistent infections of rodents and rodent-rodent and rodent-human infections are caused by aerosolized rodent excretions. Human disease has been associated with representatives of all genera except the uukuviruses. Disease syndromes include transient mild fevers, encephalitides and severe haemorrhagic fevers, which are detailed in a review by Shope (1985) . Whereas most human infections are transmitted by vectors, Crimean-Congo haemorrhagic fever and Rift Valley fever viruses can also be spread by exposure to infected tissue. These agents therefore put medical, nursing and veterinary staff at risk. In fact with Crimean-Congo haemorrhagic fever virus the case fatality rate is higher following nosocomial infection than natural infection (Shope, 1985) .
Here I should mention tomato spotted wilt virus, an arthropod (thrip)-transmitted virus of plants, which possesses some of the characteristics of the Bunyaviridae, i.e. a similar morphology, tripartite ssRNA genome and cytoplasmic site of particle maturation (Milne & Francki, 1984; de Haan et aI., I989) . Preliminary data from de Haan et al. (1989) indicate that the M RNA segment of tomato spotted wilt virus is of negative polarity and that the N-terminal 80 amino acids of the predicted gene product of this segment show 25~ similarity with the NSm protein encoded by the M segment of Rift Valley fever virus (Phlebovirus genus; Collett et al., 1985) . Further molecular studies are needed to unravel fully the genome strategy and possible relationships to the Bunyaviridae, but the available data do suggest that tomato spotted wilt virus may be the first phytobunyavirus.
Virion structure
Using electron microscopy, negatively stained Bunyaviridae particles appear spherical or pleomorphic, according to thefixation conditions, and are usually surrounded by a fringe of glycoprotein spikes (Pettersson et al., 1971 ; Murphy et al., 1973; Smith & Pifat, 1982; Hung et aL, 1983; Pettersson &von Bonsdorff, 1987) . Martin et al. (1985) have described subtle differences in the morphology of different viruses that correlate with their genus; presumably these differences reflect altered interaction of the stain with the surface proteins, or different arrangements of the surface proteins on the particle. More recently Talmon et al. (1987) examined vitrifiedhydrated La Crosse virions using cryoelectron microscopy, which preserves the structure of the particles in their native state (Fig. 2) . The virions are uniformly spherical, but of varying diameters (75 to 115 nm). A membrane bilayer (4 nm thick) and spikes (10 nm long) are clearly seen.
The virus particle consists of four structural proteins: two internal proteins, the L (transcriptase component) and the N (nucleocapsid) proteins, and two external glycoproteins, termed G1 and G2, which are inserted in the viral membrane. By convention the larger Mr glycoprotein is designated G 1. Some nairoviruses may be exceptions to this pattern, as Foulke et al. (1981) detected three glycoprotein species in Hazara virus. The Bunyaviridae do not encode an internal matrix protein, therefore the virion structure may be stabilized by direct interaction of the internal nucleocapsids with the membrane or with the cytoplasmic domain of the inserted glycoprotein (Pettersson &von Bonsdorff, 1987; Talmon et al., 1987) .
The tripartite ssRNA genome of the Bunyaviridae forms 1 to 2~ by weight of the particle and each genome segment is intimately associated with the N (2100 molecules per particle) and L proteins (25 molecules per particle; Obijeski et al., 1976a) to form a nucleocapsid. A feature of the individual genome segments is the complementarity of the 3' and 5" termini, which presumably accounts for the observation of circular and/or panhandle forms of the RNAs seen by electron microscopy (Bouloy et al., 1973/74; Samso et al., 1976; Hewlett et al., 1977; Pardigon et al., 1982) . The terminal 11 bases of the three Bunyamwera virus RNAs are conserved and complementary except for positions 9 and (a) Small defocus value, which demonstrates membrane bilayer; (b) large defocus value, which demonstrates spikes (see Talmon et al., 1987) . Bar marker represents 100 nm. These micrographs were generously supplied by Dr B. V. V. Prasad.
-9 and the following 20 or so bases show segmentspecific complementarity (Fig. 3) . The mismatch at positions 9 and -9 is found in all bunyavirus RNAs sequenced so far, but not in the complementary sequence of the termini of the phlebovirus M and S segments, the uukuvirus M, or the hantavirus M and S segments. However, in the sequence of the Hantaan virus M segment reported by Yoo & Kang (1987a) positions 12 and -12 are mismatched in the terminal 18 complementary nucleotides. Bunyavirus and uukuvirus nucleocapsids are circular (Pettersson & v o n Bonsdorff, 1975; Samso et al., 1975 ; Obijeski et al., 1976b) . It is probable that the conserved terminal sequences of the RNAs are important for encapsidation by N protein because, in general, genomic ( -) RNA and full-length viral complementary ( + ) RNA are encapsidated, whereas viral mRNA, which has 5'-terminal extensions and is shorter at the 3' end, is not (Raju & Kolakofsky, 1986b) . However, Raju & Kalakofsky (1987) reported a minor amount of mRNA-like transcripts late in infection that were encapsidated and some full-length ( + ) molecules with 5' extensions that were not encapsidated. The authors concluded that the nucleocapsid recognition sequence was at the 5' end of the RNA and this had to be in the correct context for initiation of encapsidation. More recently Raju & Kolakofsky (1989) have shown that the ends of the fulllength ( -) and ( + ) strands are base-paired in the viral nucleocapsid. These workers reiterated the importance of unmatched and mismatched bases within doublestranded regions of RNA for recognition by proteins (reviewed by Wickens & Dahlberg, 1987) and also that the ends of the ( -) and ( + ) RNAs would have significantly different structures, i.e. G -U in genomic RNA is an 'allowed' pair, whereas the C-A in the complementary RNA is not (Fig. 3 ). I f a protein (e.g. the N protein) could distinguish these structures this may be important in transcription and the selective packaging of ( -) RNA into virions. Hsu et al. (1987) have shown that the negatively stranded RNA segments of the influenza virus genome are in a circular conformation as well and also suggested that the terminal base-paired structures were cis-acting regulatory elements for the transcription, (1989) and possibly the packaging, of the influenza virus genome.
Nucleotide sequence analysis and protein function
This section reviews the results of cDNA cloning and nucleotide sequence determination of various genome segments and relates these data to the functions of the viral proteins. This account is unbalanced as it reflects the different degree of study that some genera have attracted compared to others, e.g. whereas the complete nucleotide sequence of the Bunyamwera virus genome is known, no sequences of nairovirus genome segments have yet been published. A list of available sequences, as of August 1989, is given in Table 2 . For some viruses the mapping of proteins to genome segments has been achieved by genetic or biochemical methods (reviewed by Bishop, 1985 a) . These results have been confirmed by sequencing studies which have also revealed the coding strategies of the individual genome segments (Fig. 4) . Based on the available information some general observations can be made regarding the family Bunyaviridae as a whole, which will be followed by a more detailed discussion of individual cases. 1. The genome is of negative polarity, i.e. the infecting genome must be transcribed into (+) sense mRNAs for protein production. A variation of this strategy is the ambisense nature of the phlebovirus S RNA segment .
2. The genome segments are richer in A + U residues than G + C residues (Table 2) .
3. The L RNA segment encodes the L protein.
4. The M RNA segment encodes the viral glycoproteins, as a precursor polyprotein; the glycoproteins themselves are unusually rich in Cys residues (> 5 %).
5. The S RNA segment encodes the N protein.
6. There is economical use of the genomic RNA to encode protein, e.g. of the 12294 nucleotides in the Bunyamwera virus genome, only 576 (4.7%) are noncoding (Elliott, 1989b; summarized in Table 3 ).
L RNA segment and L protein
It is presumed that the L RNA segment encodes the large (> 200 000 Mr) protein, termed L, that has been observed in representative viruses of all genera, although this has been formally proved only for members of the Bunyavirus genus (Elliott, 1989b; Endres et al., 1989) . The L RNA segment of Bunyamwera virus is 6875 nucleotides in length (Elliott, 1989b) . This is rather less than predicted by analysis of genomic RNA directly but is in good agreement with the estimate of 7000 bases made from single-stranded cDNA (see Pringle et al., 1984 The L RNA segments of hanta-, phlebo-and uukuviruses are similar in size to the bunyavirus L segment, but the nairovirus L RNA is significantly larger (perhaps twice the size). However, the L proteins encoded by these different viruses are all similar in size and hence the coding potential of the nairovirus L RNA appears to be grossly under-utilized. Perhaps another protein is encoded in the nairovirus L segment, but the lack of molecular data on the nairovirus genome precludes further discussion.
The L protein is thought to be a component (at least) of the virion-associated transcriptase or RNA-polymerase.
Comparison of the Bunyamwera virus L protein with other negative strand virus polymerases failed to detect regions of extended homology, with the exception of an area (amino acids 950 to 1220) of weak homology with influenza virus PB1 protein (Elliott, 1989b) . The PB1 protein is the polypeptide responsible for RNA polymerization (Braam et al., 1983) , thus the homologous region in the Bunyamwera virus L protein may represent the same catalytic domain.
The bunyavirus L protein has also been implicated in biological properties of the virus. A La Crosse virus isolate with a non-temperature-sensitive (ts) mutation in the L segment was altered in its virulence for mice and viruses carrying the same defect were inefficient in establishing productive infection of Aedes triseriatus mosquitoes (Beaty et al., 1981) . Janssen et al. (1986) reported that the L (and perhaps the S) RNA gene products also played a role in modulating the virulence of reassortant viruses, depending on the genetic background. The mechanism by which the L protein affects virulence is not understood.
M RNA segment and viral glycoproteins
Bunyavirus genus. In addition to the virion glycoproteins G1 (M r 108K to 125K) and G2 (M r 29K to 41K) the bunyavirus M segments encodes a non-structural protein termed NSm (Mr 11K to 16K) (Gentsch & Bishop, 1979; Fuller & Bishop, 1982; Elliott, 1985) . The precursor polypeptide containing these proteins has not been detected in infected cells, suggesting that cleavage may be a cotranslational event (Pennington et al., 1977; Lees et al., 1986) . Attempts to translate bunyavirus M segment-specific mRNA in vitro have also been unsuccessful (Abraham & Pattnaik, 1983; Elliott, 1985) . The glycoproteins have few oligosaccharide side-chains (Vorndam & Trend, 1979; Cash et al., 1980; Lees et al., 1986; Pardigon et al., 1988) . The glycans are mostly of the endoglycosidase H (endo H) complex type (Madoff & Lenard, 1982; Pesonen et al., 1982b) , but in addition some endo H-sensitive high-mannose and some small endo H-resistant intermediate type glycans are found. It was suggested that the small endo H-resistant glycans represented glycosylation intermediates that accumulate due to the intracellular maturation of the virus (Pesonen et al., 1982b) . The glycoproteins contain covalently attached fatty acid (Madoff & Lenard, 1982) .
The nucleotide sequences of four bunyavirus M segments have been determined (La Crosse and snowshoe hare viruses of the California serogroup, and Bunyamwera and Germiston viruses of the Bunyamwera serogroup) and range from 4458 to 4534 bases in length; the precursor ORFs contain 1433 to 1441 codons (Table  2 ; Eshita & Bishop, 1984; Lees et al., 1986; Grady et al., 1987; Pardigon et al., 1988) . The gene order of snowshoe hare bunyavirus M segment has been determined by Fazakerley et al. (1988) using direct amino acid sequence analysis and specific peptide antibodies as 5' G2-NSm-G1 3' in the viral complementary RNA. The four available amino acid sequences can be readily aligned with a notable conservation of Cys residues (Fig. 5) . By extrapolating the data on snowshoe hare virus the following observations can be made" there is a putative signal peptide of 13 to 21 residues at the amino terminus of the polyprotein; the G2 proteins show an overall amino acid homology of about 66 ~ and the positions of two predicted N-linked glycosylation sites (Asn-XxxSer/Thr) are strictly conserved; cleavage at the carboxy terminus of G2 occurs after a conserved Arg residue; the non-structural peptide between G2 and G1 shows about 50~ conservation of residues. Prediction of the amino terminus of G 1 by comparison with snowshoe hare virus is not obvious because of low sequence homology, but cleavage of the precursor does appear to occur after a conserved Ala residue. Overall the G 1 proteins display about 40 ~ similarity, but are more similar in the carboxy half than the amino half of the molecule. There is a single, strictly conserved N-glycosylation site, whereas a second site is conserved between viruses in the same serogroup. The G 1 protein is susceptible to cleavage by trypsin (Kingsford & Hill, 1983; Gonzalez-Scarano, 1985) ; the major trypsin-sensitive site of G1 was determined directly by Fazakerley et al. (1988) and its position is conserved in all four proteins. The hydropathy profiles of the four polypeptides are very similar (Fig. 6 ). The G2 protein has a rather long hydrophobic sequence (residues 187 to 245) followed by a charged stop-transfer sequence, but the orientation of G2 relative to the membrane is not known. The G 1 protein has typical carboxy-terminal transmembrane and anchor sequences, which together with the trypsin cleavage data orientate G1 with its amino terminus external to the membrane (Fazakerley et al., 1988) . Neither the function nor the intracellular location of NSm are known, but inspection of the amino acid sequence and hydropathy profile suggests it is a membrane-bound protein. The above analyses demonstrate the evolutionary relatedness of the glycoprotein species of viruses from two serogroups of the Bunyavirus genus and suggest that the antigenic differences that distinguish individual viruses may be located in the (external) amino half of G1.
The gene products of the bunyavirus M segment have been implicated in many of the important biological properties of the virus, including virulence, neutralization, haemagglutination and cell fusion. Through the use of reassortant bunyaviruses it was shown that the major determinants of viral virulence in mice and of viral infectivity in mosquitoes cosegregated with the M RNA segment (Beaty et al., 1981 (Beaty et al., , 1982 Shope et al., 1981; Janssen et al., 1986 ) and analysis of monoclonal antibody (MAb)-selected variant viruses indicated that the G1 glycoprotein maybe the most important gene product determining virulence and infectivity Sundin eta[., I987) . Gonzalez-Scarano et al. (1988) have identified four quantifiable biological markers (neuroinvasiveness and neurovirulence in the mouse, oral and intrathoracic infectivity in the mosquito), which can vary independently, suggesting there may be multiple sites within the M segment that affect virulence. As stated earlier the L and S segments can also have a modulating effect when the M segment is derived from an avirulent parent (Janssen et al., 1986) .
Analysis of reassortant viruses correlated the M segment with neutralizing antibody (Gentsch et al., 1980) and subsequently neutralizing MAbs have been isolated that are directed against G1 (Gonzalez-Scarano et al., 1982 Grady et al., 1983a, b; Kingsford & Hill, 1983; Kingsford et al., 1983; Kingsford, 1984; Grady & Kinch, 1985) . No MAbs directed against G2 have been reported. Analysis of MAb-resistant mutants isolated by Najjar et al. (1985) suggested that the epitopes fusogenic property resides on G 1 or G2. Both G 1 and G2 contain sites that may be neutralized by MAbs and whereas all neutralizing MAbs also inhibit haemagglutination, some MAbs to G2 have been identified that haemagglutinate, but do not neutralize (Yamanishi et al., 1984; Dantas et al., 1986; Arikawa et al., 1989) . Schmaljohn et al. (1988 a) compared two virus isolates from patients with Korean haemorrhagic fever to the prototype strain; the three strains were clearly antigenically similar and nucleotide sequence analysis of the M RNA segments predicted 1-3 to 2-3% amino acid changes among the three viruses, with most occurring as conservative changes in G 1. Using radioimmunoprecipitation as an assay Sheshberadaran et al. (1988) showed that G 1 was the least cross-reactive protein and G2 was only weakly cross-reactive, when comparing seven hantaviruses.
The Hantaan virus M segment has been expressed via a vaccinia virus vector and authentic G 1 and G2 proteins were synthesized, which localized in the Golgi region of recombinant infected cells. Mice inoculated with the recombinant vaccinia virus raised neutralizing antibodies to Hantaan virus even though no surface expression was detected (Pensiero et al., 1988) .
Nairovirus genus. The coding of nairovirus M segment has not been determined and estimates of the size of the M RNA of different nairoviruses range from 4400 to 6300 bases, the latter value being significantly larger than the corresponding segment of the other genera (Clerx & Bishop, 1981; Clerx et al., 1981; Watret & Elliott, 1985 b) . The glycoproteins of nairoviruses present a more complicated picture than in the other genera. The pattern of the virion glycoproteins is distinctive [G t, Mr 72K to 84K and G2, Mr 30K to 45K (Clerx & Bishop, 1981 ; Clerx et al., 1981 ; Cash, 1985; Watret & Elliott, 1985b) ], but for Hazara virus three glycoproteins of Mr 84K, 45K and 30K have been detected in virion preparations (Foulke et al., 1981) . Analyses of nairovirus-infected cells have identified a number of nonstructural glycoprotein precursors which, by pulse-chase experiments, are related to the structural glycoproteins (Clerx & Bishop, 1981; Cash, 1985; Watret & Elliott, 1985b) . The protein designated G2 is apparently only produced during the final stages of virus maturation (Clerx & Bishop, 1981; Watret & Elliott, 1985b) . No details of the cleavage events or interrelationships between the identified proteins are known.
Phlebovirus genus. The M RNA segments of two phleboviruses have been sequenced; Punta Toro virus M segment is 4330 nucleotides in length and encodes a single ORF of 1313 amino acids (Ihara et al., 1985b) and Rift Valley fever virus M segment contains 3885 nucleotides and encodes an ORF of 1197 residues (Collett et al., 1985 ; with corrections in Dalrymple, 1988 and Takehara et al., 1989) . The fulllength precursor proteins have not been detected in phlebovirus-infected cells. The gene order of Punta Toro virus is 5' NSm-G1-G2 3', whereas that of Rift Valley fever virus is 5' NSm-G2-G1 3'. The G1 protein of Punta Toro virus shows 35% similarity with the G2 protein of Rift Valley fever virus, and the Punta Toro virus G2 protein shows 49~ similarity with the Rift Valley fever virus G 1 (Ihara et al., 1985 b) . The homology of the G 1 protein of one virus with the G2 protein of the other reflects the nomenclature system for the glycoproteins, whereby the slowest migrating protein on SDSpolyacrylamide gels is designated G1, and the fact that both the phlebovirus glycoproteins are of similar Mr . The N-terminal amino acid of both G1 and G2 follows an Ala residue in the precursor protein, suggesting a common cleavage event by an alanine-specific protease (Ihara et al., 1985b) . Interestingly an alanine-specific protease is implicated in the cleavage of the bunyavirus glycoprotein precursor to generate G1 (see above). The predicted NSm proteins, which should perhaps be referred to as preglycoprotein regions, of the two viruses are significantly different in size, Mr 30K for Punta Toro virus and Mr 17K for Rift Valley fever virus; the 30K protein has not been observed in Punta Toro virus-infected cells (Ihara et al., 1985b) .
The expression of the Rift Valley fever virus M segment has been studied in detail: in addition to G 1 (Mr 65K) and G2 (Mr 56K), a glycosylated Mr 78K and a nonglycosylated Mr 14K protein are produced and all four proteins can be detected in Rift Valley fever virusinfected cells (Kakach et al., 1988; Wasmonen et al., 1988) . Upstream of the amino terminus of G2 there are five in-frame AUG codons (Fig. 7) . Synthesis of the four M segment-specified proteins involves independent initiation of translation at each of the first and second AUG codons, yielding primary translation products which are cotranslationally cleaved. The 78K protein initiates at the first AUG and probably represents an unprocessed polyprotein of NSm and G2 sequences; the 14K protein initiates at the second AUG and contains only pre-G2 sequences (Kakach et al., 1988; Suzich & Collett, 1988) . It is noteworthy that the common glycosylation site at position 285 is not utilized in the 14K protein, but is used in the 78K protein . The 37 amino acids between the first and second AUG codons appear to be important in the utilization of this glycosylation site and also prevent proteolytic cleavage at the amino terminus of G2. The authors speculate that these 37 amino acids affect the conformation or intracellular transport of the resulting protein . What functions the 78K and 14K proteins play in the virus replication cycle await elucidation.
The nucleotide sequences of the M segments of two other Rift Valley fever virus strains have been reported (Takehara et al., 1989) : ZH-548 and ZH-548M12, a mutagenized derivative that is an attenuated candidate vaccine strain (Caplen et al., 1985) . Eight nucleotide and three amino acid differences were found between ZH-548 and the ZH-501 strain sequenced by Collett et al. (1985) . A further 12 nucleotide and seven amino acid differences were present in ZH-548M12, although their role in attenuation of this strain is unknown. Interestingly the ZH-548M12 strain M RNA had a short ORF (Met-Val-His-Stop) immediately preceding the initiation codon of the major ORF. The presence or absence of this new ORF affected the expression of G1 and G2 in recombinant baculovirus vectors (Takehara et al., 1989) . Neutralizing epitopes are present on the G2 protein of Rift Valley fever virus (Keegan & Collett, 1986) and Pifat et al. (1988) isolated MAbs directed against G1 and G2 of Punta Toro virus that both neutralized and inhibited haemagglutination. Using either vaccinia virus-or baculovirus-expressed Rift Valley fever virus glycoproteins it has been demonstrated that inoculation with a combination of G1 and G2, or with G2 alone, protects animals against disease when challenged with live virus (Collett et al., 1987; Dalrymple et al., 1989; Schmaljohn et al., 1989) .
Uukuvirus genus. The uukuvirus glycoproteins are similar in size, G1 Mr 75K and G2 Mr 62K to 65K (Pettersson et al., 1971 ; Watret & Elliott, 1985a; Watret et al., 1985) . Translation in vitro of M segment-specific mRNA extracted from infected cells yielded an Mr 110K protein, which was cleaved roughly in the middle in the presence of microsomal membranes to give G1 and G2 (Ulmanen et al., 1981) . The 110K protein has not been detected in infected cells. Using in vivo pulse-labelling experiments Kuismanen (1984) determined the gene order of the M segment to be 5' G I-G2 3'. Analysis of the carbohydrate moieties of the individual glycoproteins showed that G1 contains mainly complex and small endo H-resistant intermediate glycans and G2 contains mainly high-mannose, as well as some complex, glycans (Pesonen et al., 1982a) .
The Uukuniemi virus M segment is 3231 bases long and encodes a single ORF of 1008 residues (R6nnholm & . The gene order was confirmed as 5' G1-G2 3' and no evidence for a non-structural protein was found. Both G1 and G2 are preceded by stretches of predominantly hydrophobic amino acids, which probably act as signal sequences. Comparison of the amino acid sequences of the Uukuniemi and phlebovirus M gene products revealed a low but significant homology, particularly towards the carboxy end of the precursor (i.e. G2 of Uukuniemi and Punta Toro andG1 of Rift Valley fever viruses), with a marked conservation of Cys residues. No homology was detected with the NSm region of the phleboviruses. Using the same parameters for comparison no similarity was detected between the uukuvirus and bunyavirus glycoproteins (R6nnholm & Pettersson, 1987) . Together with the identical terminal nucleotide sequences (Fig. 1 ) the above data suggest a distant evolutionary relationship between genomes of uukuviruses and phleboviruses.
S RNA segment and nucleocapsid protein
Bunyavirus genus. The bunyavirus S segment specifies the N protein (Mr 19K to 26K) and a non-structural protein termed NSs (Mr 10K to 12K), which are encoded in overlapping reading frames (Fig. 4) (Gentsch & Bishop, 1978; Cash et at., 1979; Bishop et al., 1982; Fuller & Bishop, 1982; Akashi & Bishop, 1983; Cabradilla et al., 1983; Fuller et al., 1983; Akashi et al., 1984; Bouloy et al., 1984; Elliott, 1985; Gerbaud et al., 1987b; Elliott & McGregor, 1989) . Patterson et al. (1983) claimed that multiple leader and messenger RNAs were transcribed from the La Crosse virus S RNA segment, thereby generating different mRNAs for synthesis of N and NSs. This suggestion is erroneous and later work showed that the plethora of S RNA-specific transcripts were in fact degradation products (Raju & Kolakofsky, 1986b) . The N and NSs proteins are probably made from the same mRNA species, the result of alternative initiation of translation (Bishop et al., 1983b; Elliott & McGregor, 1989) . The S segments of Germiston and Maguari bunyaviruses have an additional ORF downstream of, and in the same frame as, NSs (Gerbaud et al., 1987b; Elliott & McGregor, 1989) . Although the product of the third ORF can be translated in cell-free systems from RNA transcribed in vitro from cloned cDNA, the protein has not been detected in vivo (Elliott & McGregor, 1989) .
The nucleotide sequences of six bunyavirus S segments have been determined and range from 850 to 984 bases in length ( Table 2 ). The N proteins of these six viruses, which represent three serogroups in the Bunyavirus genus, show 40~ sequence similarity overall, whereas the N proteins of viruses in the same serogroup show 80~ similarity (Elliott, 1989a) . Certain regions of the N protein are strictly conserved between all six sequences; these domains are presumably of functional importance, perhaps binding to the viral RNA, although homology to designated RNA-binding proteins (Chan et al., 1989; Query et al., 1989) is not obvious. The conserved regions may also elicit the complement-fixing antibodies that cross-react throughout the Bunyavirus genus (Shope, 1985) . The S segment cDNAs of snowshoe hare and Maguari viruses have been cloned into a baculovirus vector and efficient expression of the N, but not NSs, proteins was obtained (Urakawa et al., 1988; Elliott & McGregor, 1989) . This system should provide large amounts of N protein for functional and structural studies. No function has yet been ascribed to NSs.
Hantavirus genus. The Hantaan virus S RNA segment is 1696 nucleotides in length and encodes a single ORF in the complementary RNA of 429 amino acids (Schmaljohn et al., 1986b) . The predicted Mr of the product of this ORF, 48-1K, is in good agreement with that of Hantaan N protein (Schmaljohn & Dalrymple, 1983; L. H. Elliott et al., 1984) . No evidence for a nonstructural protein encoded by the S RNA was found. The N protein ORF contains two AUG codons, separated by two codons, at the amino terminus. Expression of the Hantaan virus S segment in a recombinant baculovirus showed that the first AUG initiated translation of N, and no N protein was made if the first AUG was removed (Schmaljohn et al., 1988b) . The hantavirus N protein is the major cross-reactive antigen between different antigenic groups of viruses detected by immunoprecipitation (Sheshberadaran et al., 1988) , which presumably reflects areas of sequence conservation on the S segment detected by cross-hybridization studies (Schmaljohn et al., 1987b) .
Nairovirus genus. The nairovirus N protein has a similar size to that of hantaviruses (Mr 48K to 52K) and is the major viral protein detected in infected cells (David-West, 1974; Clerx & Bishop, 1981; Clerx et al., 1981 ; Foulke et al., 1981 ; Cash, 1985; Watret & Elliott, 1985b; Watret et al., 1985) . The N protein has a net positive charge (Cash, 1985) . The coding strategy of the nairovirus S segment is similar to that of hantaviruses, i.e. a single ORF in the viral complementary RNA corresponding to the N protein (V. K. Ward & P. A. Nuttall, personal communication).
Phlebovirus genus. Two phlebovirus S segment sequences have been determined, Punta Toro virus (1904 nucleotides) and sandfiy fever Sicilian virus (1746 nucleotides) Marriott et al., 1989) . Both sequences contain ORFs corresponding to N and NSs proteins, but in a novel ambisense coding strategy; the N protein is encoded in a complementary (+) RNA corresponding to the 3' half of the genomic S RNA, whereas the NSs coding sequence is encoded in the 5' half of the genomic RNA (Fig. 4) . The proteins are translated from separate subgenomic mRNAs (Ihara et al., , 1985a . The Mr 30K to 34K NSs protein has been seen in cells infected with Rift Valley fever, Karimabad and sandfly fever Sicilian virus-infected cells (Smith & Pifat, 1982; Struthers & Swanepoel, 1982; Watret et al., 1985) , but not in cells infected with Punta Toro virus. The NSs protein of Rift Valley fever virus was observed in the nuclei of infected cells (Struthers & Swanepoel, 1982) and appeared to correspond to the virus-induced antigen demonstrated in eosinophilic intranuclear inclusions described by Swanepoel & Blackburn (1977) . In contrast the large amounts of the 31K NSs protein synthesized in Karimabad virusinfected cells remained entirely cytoplasmic (Smith & Pifat, 1982) . Struthers et al. (1984) later reported that the Rift Valley fever virus NSs protein was phosphorylated, which so far seems to be a unique feature of any Bunyaviridae protein. The Punta Toro NSs protein has been identified using antisera raised against a recombinant baculovirus expressing an appropriate cDNA construct (Overton et al., 1987) ; NSs was also found to be specifically associated with nucleocapsids.
Comparison of the Punta Toro and sandfly fever Sicilian virus S segment products showed 47 ~ similarity of the N proteins and 21 ~ similarity of the NSs proteins (Marriott et al., 1989) . MAbs directed against the Punta Toro virus N protein did not neutralize viral infectivity and showed very limited cross-reactivity with other phleboviruses (Pifat et al., 1988) . This is in line with previous data that showed that complement-fixing antibodies, which are mediated by N protein, were not cross-reactive among phleboviruses (Tesh et al., 1975 (Tesh et al., , 1982 .
Uukuvirus genus. The uukuvirus S RNA segment is estimated to be about 1900 nucleotides long, similar to the phlebovirus S segment, but no nucleotide sequences are yet available Ulmanen et al,, 1981 ; Watret & Elliott, 1985a) . Translation in vitro of 12S subgenomic mRNA, specific for the S segment of Uukuniemi virus, yielded the Mr 25K N protein and an Mr 30K non-structural protein (Ulmanen et al., 1981) . The coding strategy employed by the uukuvirus S segment is not known, but in view of the similarities discussed above between phleboviruses and uukuviruses, one might expect an ambisense strategy.
RNA synthesis
The classical scheme for the replication of a negativestrand RNA virus is that the infecting genome is first transcribed into mRNA by the virion-associated RNA polymerase or transcriptase. This primary transcription does not require ongoing protein synthesis. After translation of the primary mRNA transcripts, replication of the genome and amplified or secondary transcription of mRNA occurs. Transcriptase activity has been detected in detergent-disrupted preparations of Lumbo , La Crosse , Germiston (Gerbaud et al., 1987a) , Uukuniemi (Ranki & Pettersson, 1975) and Hantaan (Schmaljohn & Dalrymple, 1983) viruses, which represent three of the five Bunyaviridae genera. The transcriptase activity reported was weak compared to other viral transcriptases (e.g. that of vesicular stomatitis virus), which has hampered comprehensive analysis of the enzymic events. However, using purified La Crosse virions demonstrated that polymerase activity was stimulated by oligonucleotides such as ApG, cap analogues (e.g. mTGpppAm) and natural mRNAs (e.g. alfalfa mosaic virus RNA 4) and evidence was obtained that these acted as primers for mRNA synthesis. Furthermore they detected an endonuclease activity which cleaved methylated capped mRNAs in vitro. These results correlated with analyses of viral mRNAs extracted from infected cells, which indicated the presence of heterogeneous non-viral sequences at their 5' ends (Bishop et al., 1983b; Patterson & Kolakofsky, 1984; Eshita et al., 1985; Collett, 1986) . Thus bunyavirus transcription resembles that of influenza virus in using a 'cap-snatch' mechanism to prime mRNA synthesis (reviewed by Krug et al., 1987) . In contrast to influenza virus, bunyavirus transcription is not affected by actinomycin D or ~-amanitin (Vezza et al., 1979) and takes place in the cytoplasm of infected cells (Rossier et al., 1986; Kolakofsky et al., 1987) .
Bunyavirus, phlebovirus and uukuvirus mRNAs are probably not 3' polyadenylated, as judged by their inability to bind to oligo(dT)-cellulose (Ulmanen et al., 1981 ; Abraham & Pattnaik, 1983; Pattnaik & Abraham, 1983; Bouloy et al., 1984; Elliott, 1985; Emery & Bishop, 1987 ), but Cash et al. (1979 did claim to select a proportion of snowshoe hare bunyavirus mRNA molecules by this method. There does not appear to be a universal signal for bunyavirus transcription termination, although only a few termination sites have actually been mapped. The mRNAs are about 60 to 100 nucleotides shorter than full-length transcripts. The S mRNAs of snowshoe hare and La Crosse bunyaviruses terminate near the sequence GUUUUU in the negativesense RNA (Patterson & Kolakofsky, 1984; Eshita et al., 1985) , which is similar to the termination-polyadenylation signal containing poly(U) stretches used by other negative-strand RNA viruses (Gupta & Kingsbury, 1982) . However, this sequence is not ubiquitous among the RNA segments for which information is available (Table 2) . Collett (1986) and Raju & Kolakofsky (1986b) have suggested that purine-rich sequences, which seem to occur around the termination sites, might be involved, but further mapping studies are required to delineate these in detail.
Attempts to analyse bunyavirus primary transcription have given conflicting results. Very low levels of primary transcripts were detected in Bunyamwera or snowshoe hare bunyavirus-infected cells in the presence of protein synthesis inhibitors (Kascsak & Lyons, 1977; Vezza et al., 1979) . Using cDNA hybridization probes Eshita et al. (1985) detected only S segment mRNA in snowshoe hare bunyavirus-infected cells treated with puromycin. In contrast, primary transcripts were not detected in the absence of protein synthesis in cells infected with Akabane (Pattnaik & Abraham, 1983) , Bunyamwera (Abraham & Pattnaik, 1983) , Germiston (Gerbaud et al., 1987a) or La Crosse (Raju & Kolakofsky, 1986a) bunyaviruses. Whether these contrary results reflect the intrinsically low levels of primary transcription and/or differences in the sensitivities of the assays used is unclear and I do not believe that this issue has been satisfactorily resolved. The latter results have no precedent among other negative-strand viruses and are paradoxical considering the presence of an active transcriptase in virions. This prompted a reexamination by of the products of the in vitro transcription reaction; they found that only incomplete transcripts were made under standard conditions. When transcription was carried out in the presence of rabbit reticulocyte lysate complete S mRNA was detected. Addition of protein synthesis inhibitors to the supplemented reaction prevented full-length mRNA production and only incomplete transcripts were detected. The incomplete transcripts were similar to those observed in infected cells treated with protein synthesis inhibitors (Raju & Kolakofsky, 1986b) . A model to explain these findings has been proposed, which suggests that interactions between the nascent mRNA chain and its template cause the polymerase to pause and terminate, generating the incomplete transcripts. In the presence of concomitant protein synthesis ribosomes moving along the nascent mRNA behind the polymerase prevent the mRNA from hybridizing to its template and the polymerase reads through to the major termination site Kolakofsky et al., 1987) . This hypothesis requires further experimental confirmation, but it should be noted that Gerbaud et al. (1987a) were able to detect complete S mRNA in their in vitro transcription reactions, using Germiston bunyavirus, without the need to supplement with reticulocyte lysate.
The ambisense nature of the phlebovirus S RNA provides an additional level of control over the production of its encoded proteins. In the absence of puromycin or cycloheximide four types of S segment-specific RNA were identified in Punta Toro phlebovirus-infected cells; genomic RNA, fullqength viral complementary (+) RNA, N mRNA and NSs mRNA. Both the N and NSs mRNAs had 5'-terminal extensions of 12 to 17 nucleotides, similar to the situation with bunyavirus mRNAs. Subgenomic S segment mRNAs have also been identified in sandfly fever Sicilian phlebovirus-infected cells (Marriott et al., 1989) . In the presence of protein synthesis inhibitors only newly synthesized N mRNA was detected, which accumulated and could be translated in vitro to yield N protein (Ihara et al., 1985a) . Hence NSs mRNA synthesis requires the onset of RNA replication, i.e. the production of the full length viral complementary RNA. Therefore, in the case of the ambisense S genome segment, the full-length viral complementary RNA acts as a template for both the subgenomic NSs mRNA and for new genome synthesis. Furthermore, the synthesis of NSs mRNA is regulated independently to that of N mRNA. This implies that the NSs protein is not involved in the early stages of viral complementary RNA synthesis (Bishop, 1986) .
The 3' termini of the N and NSs mRNAs have been mapped to a common region of the Punta Toro phlebovirus S RNA between bases 977 and 1017 (Emery &'Bishop, 1987) . Examination of the sequence in this intergenic region suggests that a stable A-U-rich hairpin can be formed (nucleotides 886 to 1092) with its peak at position 996, which correlates with the region involved in termination of mRNA transcription. However, the S RNA of sandfly fever Sicilian phlebovirus has a predominantly C-rich intergenic region, which cannot be folded into a large base-paired structure (Marriott et al., 1989) . Therefore phlebovirus transcription termination signals may be more subtle then pronounced secondary structure in the template.
Virus maturation
Maturation of the Bunyaviridae characteristically occurs at intracellular smooth membranes, principally in the Golgi complex (Lyons & Heyduk, 1973; Murphy et al., 1973; Kuismanen et al., 1982 Kuismanen et al., , 1984 Smith & Pifat, 1982) and is inhibited by monensin, a monovalent ionophore (Cash, 1982; Kuismanen et al., 1985; Schmaljohn et al., 1986a; G, E. Watret & R. M. Elliott, unpublished observations) . Exceptionally, Rift Valley fever phlebovirus has been observed to mature at the cell surface of infected rat hepatocytes (Anderson & Smith, 1987) . The glycoproteins accumulate in the Golgi complex, causing a progressive vacuolization , an effect mediated by the glycoproteins alone (Gahmberg et al., 1986a) . However, the morphologically altered Golgi complex remains functionally active, as evidenced by its ability to glycosylate and transport authentic plasma membrane glycoproteins (Gahmberg et al., 1986b) . Virions bud into Golgi vesicles, which are transported to the cell surface where the particles are released by exocytosis. Some G1 protein has been detected on the cell surface, but its transport from the endoplasmic reticulum is about two-to threefold slower than that of vesicular stomatitis virus G protein (Madoff & Lenard, 1982) . Expression of hantavirus and phlebovirus glycoproteins in recombinant vaccinia vectors indicates that Golgi targeting is also a property of the glycoproteins themselves (Matsuoka et al., 1988; Pensiero et al., 1988) . The signal responsible for Golgi localization has not yet been determined.
Genetics of Bunyaviridae
Genome reassortment A problem faced by all segmented genome viruses is the production of virus particles that package the correct genetic complement. With the Bunyaviridae the RNAs extracted from purified virus preparations are rarely equimolar and the S segment usually predominates (Bouloy et al., 1973/74; Pettersson & K/i/iri~iinen, 1973; Obijeski et al., 1976b; Gentsch et al., 1977a; Pettersson et al., 1977; Yoo & Kang, 1987b) . It is unclear how much of the deviation from an equimolar ratio is due to degradation of the larger RNAs during sample preparation, but it does appear that virions containing different numbers of genome segments are produced (Talmon et al., 1987) . Analysis of RNAprotein interactions should throw light on the packaging system and this will be a major challenge in the future.
A potential advantage of a segmented genome is the possibility for RNA segment reassortment to occur, which could confer new and desirable genetic traits on the progeny reassortants. In the Bunyaviridae reassortment has been demonstrated in the laboratory between certain related viruses, but not between viruses in different genera, nor between viruses in different serogroups in the same genus. Even within a serogroup some viruses appear to be incompatible with each other (Gentsch & Bishop, 1976; Gentsch et al., 1977b Gentsch et al., , 1979 Ozden & Hannoun, 1978 Iroegbu & Pringle, 1981 ; Rozhon et al., 1981; Pringle & Iroegbu, 1982; R. M. Elliott et al., 1984; Pringle et al., 1984; Janssen et al., 1986) . There are further restrictions on reassortment, as judged by the difficulty in obtaining reassortants with a certain genotype, e.g. with Batai, Bunyamwera and Maguari bunyaviruses the L and S segments appeared to cosegregate in heterologous crosses, but this linkage could be broken when heterologous reassortants were used as parental viruses (R. M. Elliott et al., 1984; Pringle et al., 1984) . Genome segment reassortment has also been demonstrated experimentally in dually infected mosquitoes (Beaty et al., 1981 (Beaty et al., , 1982 (Beaty et al., , 1985 Shope et aL, 1981) and evidence that reassortment occurs in nature has been obtained (Klimas et al., 1981 ; Ushijima et al., 1981) . Thus the Bunyaviridae have the capability for rapid evolution by genome segment reassortment, but the relative importance of reassortment in the generation of new virus types in nature is open to question.
Temperature-sensitive mutants
More than 200 ts mutants of 10 bunyaviruses and of Uukuniemi virus have been isolated following chemical mutagenesis (Gentsch et al., 1977b (Gentsch et al., , 1979 Bishop, 1979; Ozden & Hannoun, 1978 Iroegbu & Pringle, 1981 ; Pringle & Iroegbu, 1982; Gahmberg, 1984) . A surprising feature of these mutants was that the vast majority fell into two reassortment groups, instead of three as expected for a tripartite genome. In fact there is only a single mutant, Maguari virus ts23, that defines the third group (Pringle & Iroegbu, 1982) . Mutants of the California and group C bunyaviruses were classified into L or M segment reassortment groups and no mutants with lesions in the S segment were obtained (Gentsch et al., 1977b (Gentsch et al., , 1979 Bishop et al., 1983a) . It has been suggested that the paucity of S segment mutants reflects the overlapping reading frame strategy employed by this segment. However, Murphy & Pringle (1987) assigned the ts lesion of Maguari virus ts23 to the L segment. Thus for Maguari virus it seems that L gene mutants are rare, contrary to studies with other negative-strand viruses. Further experimental work is required to resolve this discrepancy. It is worth noting that all the Uukuniemi virus ts mutants, which were also classed into only two reassortment groups, synthesized RNA at the nonpermissive temperature, implying the possession of a functional polymerase (Gahmberg, 1984) . Unequivocal mapping of the mutations has not yet been achieved.
Genome variation
Many RNA virus genomes have been shown to evolve rapidly, both in nature and in the laboratory, by point mutations, most probably because of the apparently high error rate of RNA polymerases (Domingo & Holland, 1988) . Analysis by oligonucleotide fingerprinting of a number of isolates of La Crosse bunyavirus from various ecological niches showed that every isolate had distinguishable L, M and S genome segments, suggesting genetic drift as a major means of bunyavirus evolution (El Said et al., 1979; Klimas et al., 1981) . On the other hand the stability of viral genomes has also been demonstrated. The genomes of two isolates of La Crosse virus obtained from the brains of fatally infected individuals 18 years apart had very similar oligonucleotide fingerprints (Bishop & Shope, 1979) and no changes in the genome of Toscana phlebovirus were detected over the course of 12 successive transovarial transmissions in its natural sandfly host (Bilsel et al., 1988) . The effects on genome stability and the selection of viral variants during passage between the invertebrate and vertebrate hosts would be a rewarding area of study.
Persistent infection
A common biological property of arboviruses is their ability to replicate in cells of disparate phylogeny, although the outcome of these infections is often markedly different. In permissive vertebrate cells the infection is usually cytopathic and leads to cell death, whereas in invertebrate cells the infection can be asymptomatic, self-limiting and a persistent infection is readily established. Mosquito cell cultures persistently infected with Bunyamwera, La Crosse and Marituba bunyaviruses and Toscana phlebovirus have been established. The cells showed no differences in their metabolic activities, but continued to shed infectious virus (Newton et al., 1981 ; Nicoletti & Verani, 1985; Carvalho et al., 1986; Elliott & Wilkie, 1986; Rossier et al., 1988 ; M. Scallan & R. M. Elliott, unpublished observations). The persistently infected cells were refractory to superinfection by homologous or closely related viruses and the virus shed from the carrier cultures contained ts and plaque-morphology mutants (Newton et al., 1981 ; Elliott & Wilkie, 1986) .
No inhibition of host protein synthesis was observed in infected mosquito cells, in sharp contrast to the situation in infected mammalian cells. It has been suggested that the shut-off of host macromolecular synthesis in the latter cells is because of a general mRNA instability induced by the virus, perhaps mediated by the endonuclease activity of the viral transcriptase (Raju & Kolakofsky, 1988) . Rossier et al. (1988) detected less L mRNA in mosquito compared to mammalian cells (although the levels of L mRNA in both cell types were very low), but it seems unlikely that this difference alone can account for the lack of host shut-off in mosquito cells. A feature of the persistently infected cells was the excess amount of S segment-specific RNA they contained (Elliott & Wilkie, 1986; Rossier et al., 1988) . However, whereas the amount of S mRNA remained high, the amount of N protein synthesis declined, indicative perhaps of some block at the level of translation (Rossier et al., 1988; M. Scallan & R. M. Elliott, unpublished observations) . This suggests that the self-limiting nature of the infection of mosquito cells is related to control of N protein translation, but as yet we do not know how this control operates.
Some features of the persistently infected mosquito cells, and also of persistently infected mammalian cells (Dugbe nairovirus in pig kidney cells; David-West & Porterfield, 1974 , and Toscana phlebovirus in Vero cells; Verani et al., 1984) , suggest the involvement of defective interfering (DI) RNAs, but these have not been demonstrated directly. Elliott & Wilkie (1986) described interfering particles from the carrier cultures that appeared to contain only S segment RNA rather than RNA molecules containing internal deletions, as is characteristic of 'typical' DI particles. Similar S RNAcontaining interfering particles were isolated by Kascsak & Lyons (1978) following repeated high multiplicity passage of Bunyamwera virus in BHK cells. In both cases interference of wild-type virus replication was more apparent in the homologous cell system. More typical DI RNAs, derived from the L RNA segment, have been observed in Germiston bunyavirus-infected cells (Cunningham & Szilagyi, 1987) .
Outlook
Our knowledge of the molecular biology of the Bunyaviridae has expanded rapidly over the last few years, revealing the different coding strategies used by individual genome segments and providing some clues about the evolutionary relationships between the viruses, but these data are far from complete. As might be expected from such a large taxonomic grouping of viruses considerable diversity exists within the family. At the very least we need to know the entire genome sequences of a representative of each of the five genera (and putative members of the Bunyaviridae, such as tomato spotted wilt virus) to assess the extent of this diversity in terms of coding and replicative strategies. This information is required before re-evaluation of the classification within the family can be undertaken. More extensive sequencing projects are needed to provide data for comparative purposes to further our understanding of the phylogenetic relationships within the family. Of particular interest would be analyses of the polymerase proteins, since the bunyavirus polymerase appears unrelated to other negative-strand virus polymerases, whereas the homologous proteins of rhabdoviruses and paramyxoviruses show a clear evolutionary relationship (Tordo et al., 1988) . Data on the Bunyaviridae polymerase may supply evidence to suggest whether there was a single progenitor, or whether there were multiple ancestral viruses.
Nucleotide sequence data provide the foundation to elucidate gene function and this must be a major avenue for future research. In order to design effective strategies to control the important pathogens in the family we need an understanding of the functions of the viral proteins in replication, the role played by these proteins in biological aspects such as virulence or interaction with vectors and the recognition of these proteins by the immune system. A serious obstacle to some of this work is our inability to produce viruses containing specific genetic alterationsthe development of such a system presents a great challenge.
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Note added in proof Since acceptance of this review the following relevant papers have appeared. Nucleotide sequence analysis and protein Junction section: Simons et al. (1990; Journal of Virology 64, 247-255) have shown by nucleotide sequence determination that the uukuvirus S RNA segment has an ambisense coding strategy, and that the uukuvirus and phlebovirus N proteins share >30% identical amino acids. Complete nucleotide sequences have been determined for two of the genome segments of nephropathia epidemica hantavirus, the M segment (Giebel et al., 1989; Virology 172, 498-505) and the S segment (Stohwasser et al., 1990; Virology 174, 79-86) . RNA synthesis section: Raju et al. (1989; Journal of Virology 63, 5159-5165) have suggested that cell-type dependent host factors are involved in La Crosse bunyavirus mRNA synthesis, and that these factors may not be present in all BHK cell lines which would account for the discrepancies noted regarding primary transcription. 
